Specific Secretion of Polypeptides from Cells Infected with Myxoma
Virus (Accepted 15 February 1982) SUMMARY The polypeptides secreted from cells infected with myxoma virus have been studied. Three virus-induced polypeptides were detected. One major and one minor polypeptide were synthesized and secreted in the absence of virus DNA synthesis; one minor polypeptide was not detected in the medium under such conditions. All these polypeptides were glycosylated and one was sulphated. Two precipitin lines were seen in Ouchterlony tests examining medium from infected rabbit cells and using serum from rabbits convalescent from myxoma virus infections. These antigens were unrelated to the virus-specific antigens released from cells infected with vaccinia virus. No major differences were detected in comparisons between the polypeptides secreted from cells infected with virulent and relatively avirulent strains of myxoma virus.
Vaccinia virus induces the synthesis of a number of polypeptides which are secreted from the infected cell and are of unknown function (McCrae & Pennington, 1978) . Prominent among these is a polypeptide with a mol. wt. of approx. 35 000. Some of the other secreted polypeptides are glycosylated and sulphated.
We have further investigated the phenomenon of polypeptide secretion from poxvirusinfected cells by examining the polypeptides released from cells infected with myxoma virus. This virus was chosen because it is only distantly related to vaccinia virus and because the detailed knowledge pertaining to its behaviour in different hosts (it causes skin fibromas in rabbits of the genus Sylvilagus and a generalized infection in the European rabbit, Oryctolagus) serves as a useful starting point for studies on the role of the secreted proteins in vivo. The availability of myxoma strains markedly differing in virulence for Oryctolagus may also facilitate such studies.
The Glenfield strain of myxoma virus was supplied by Professor F. Fenner, Australian National University, Canberra, Australia; the Uriarra strain of myxoma virus was supplied by Dr J. Ross, Ministry of Agriculture, Fisheries and Food, Worplesden Laboratory, Surrey, U.K. These strains were, respectively, of virulence grade I (highly virulent) and grade IV (low virulence) as described by Fenner & Marshall (1957) .
L-[4,5-3H]leucine (40 to 60 Ci/mmol), D-[1-3H]mannose (1 to 5 Ci/mmol), and [35Slsulphate were obtained from Amersham International. Cytosine-l-fl-D-arabinofuranoside (Ara-C) was obtained from Sigma.
RK13 cells (Flow Laboratories) were grown as monolayers in medium containing 90% (v/v) Eagle's minimal essential medium supplemented with non-essential amino acids and L-glutamine (Eagle's medium) and 10% (v/v) heat-inactivated (56 °C for 30 min) calf serum. After virus infection, cultures were maintained in 98 % (v/v) Eagle's medium and 2% (v/v) heat-inactivated calf serum. All media contained 100 units/ml penicillin G and 100 gg/ml streptomycin.
Virus stocks were grown in RK13 cells. Confluent monolayers were infected at a multiplicity of infection (m.o.i.) of 10. After 5 days, cultures were frozen to -70 °C, thawed, and the cells scraped into the maintenance medium. The preparations were then treated with 0022-1317/82/0000-4976 $02.00 © 1982 SGM Short communications ultrasound, clarified by centrifugation for 15 min at 800 g, centrifuged for 30 rain at 35 000 g and the pellet resuspended in fresh maintenance medium. The cycle of centrifugation was repeated and the virus content of the final high-speed sediment assayed by plaque count on monolayers of RK 13 cells.
The synthesis of virus-induced polypeptides in RK13 cells infected with the Glenfield strains of myxoma virus was examined as follows. Confluent monolayers of RK 13 cells were infected at an m.o.i, of 60, virus was allowed to adsorb for 1 h and the inoculum was removed and replaced with maintenance medium. The medium was removed as required, the monolayers were washed with phosphate-buffered saline (PBS) and 10 gCi [3H]leucine in 0.2 ml PBS was added. After incubation for 1 h, the cells were rapidly rinsed with 0.005 M-tris-HC1 buffer pH 7.8, and boiled in 2 % (w/v) SDS, 5 % (v/v) 2-mercaptoethanol in 0.14 ra-tris-HC1 pH 6.7, plus 10% (v/v) glycerol (all final concentrations), and then stored at -70 °C. Dishes for analysis of peptides appearing in the cell medium were prepared by adding 1 ml leucine-free Eagle's medium containing either 10 pCi [3H]leucine or 20 gCi [3H]mannose, or by adding 100 gCi [35S]sulphate in 1 ml 90% (v/v) PBS and 10% (v/v) heat-inactivated calf serum. After incubation, these media were removed and stored at -70 °C. Polypeptides were analysed in polyacrylamide slab gels using the SDS discontinuous buffer system of Laemmli (1970) . Stacking gels and separating gels contained, respectively, 3.6% (w/v) and 10% (w/v) acrylamide. Radioactivity within the gels was detected by the fluorographic method of Bonner & Laskey (1974) , as described by Cash et al. (1977) . Polypeptide mol. wt. on slab gels were estimated by comparison with standard proteins (Sigma).
The temporal sequence of appearance of virus-induced polypeptides resembled that seen with other poxviruses (Pennington, 1974) , early and late polypeptides being easily demonstrated (Fig. 1 A) . Examination of the medium from cells labelled throughout infection, a period of 24 h, showed that infected cells secreted one major polypeptide [mol. wt. 35 000 (35K)] and two minor polypeptides (tool. wt. 44K and 53K) (Fig. 1A, C) . The major polypeptide did not co-migrate in electrophoresis with any of the major virus-induced intracellular polypeptides. The secreted polypeptides were not sedimented when the medium was centrifuged at 35 000 g for 90 min, conditions sufficient to result in the sedimentation of the virions (results not shown).
Virus-infected cells synthesized and secreted the major 35K polypeptide at early and late times after infection; thus, this polypeptide was readily detected in medium from cells labelled from 1 to 4 h post-infection (results not shown), although virus-induced late polypeptide synthesis was not detected until 6 h post-infection (Fig. 1 A) . Likewise, the 35K polypeptide was also synthesized and secreted by infected cells maintained for 24 h in medium containing 25 gg/ml Ara-C. Under these conditions virus DNA synthesis was inhibited, leading to a failure in the switch from virus-induced early to late polypeptide synthesis (Fig. 1 B) . The 53K virus-induced polypeptide was not detected in the medium when DNA synthesis was blocked (Fig. 1 C) .
Infected cells were also labelled with [3H]mannose and [35S]sulphate. Examination of the medium showed that all the virus-induced secreted polypeptides were glycosylated (Fig. 1 C) . In contrast, only one virus-specific [35S]sulphate-labelled band appeared in autoradiograms; this co-migrated with the 44K polypeptide. Sulphation of this polypeptide occurred in the presence of a concentration of Ara-C sufficient to prevent late protein synthesis (Fig. 1 B, C) .
The proteins secreted by cells infected with the highly virulent Glenfield strain were compared with those secreted after infection with Uriarra, a strain with much reduced virulence. No major differences were detected between the secreted polypeptides after labelling with [3H] R K 13 cells were infected as for protein labelling, and then incubated in m a i n t e n a n c e m e d i u m for 23 h. The m e d i u m was then removed, the cells were washed with PBS, suspended in 0.005 M-tris-HC1 p H 7.8 and disrupted by treatment with ultrasound. This cell extract and the m a i n t e n a n c e medium were separately centrifuged at 800 g and then at 40 000 g, and the final supernatants concentrated using ' M i n i c o n ' B15 and A . 25 concentrators (Amicon, Woking, Surrey, U.K.). I m m u n o d i f f u s i o n tests were done on microscope slides (76 × 26 ram). These were coated with 1.5 ml 1% (w/v) agar-agar (Serva, Heidelberg, F.R.G.) dissolved in distilled water containing 0.02% (w/v) sodium azide. Three 3 mm diam. depot wells were arranged concentrically with the centre of the centre well 5 mm from the centres of the peripheral wells. A myxoma convalescent serum was supplied by Professor F. Fenner. Two precipitin lines were seen in tests with medium from infected cells and rabbit convalescent serum. Comparative tests showed fusion of one of these lines with one of the major precipitin lines produced by an extract of infected cells, and deviation of the second line near to the depot well of the cell extract (Fig. 2) . Similar results were obtained with vaccinia antigens and antisera. However, the antigens detected in the medium of vaccinia-infected cells showed no serological relationship with the corresponding myxoma antigens (Fig. 2) . No activity was detected between control sera and antigens from infected cells, or between immune sera and antigens from uninfected cells.
The results described in this paper clearly show that myxoma virus resembles vaccinia virus (McCrae & Pennington, 1978) in inducing the synthesis of a group of polypeptides which are secreted from the infected cell. The predominant polypeptide in both cases has a mol. wt. of 35K; it is synthesized at early and late times after infection, and can be defined as a pre-replicative polypeptide (Pennington, 1974) as its synthesis proceeds normally in the presence of D N A synthesis inhibitors. Another similarity between myxoma virus and vaccinia virus is that some, but not all, of the secreted polypeptides are sulphated. In both cases a sulphated polypeptide migrated in polyacrylamide gels close to, but more slowly than, the predominant (35K) species, sulphation occurring in the absence of virus D N A synthesis. Differences between the two viruses lie largely in the greater complexity of the polypeptide profiles seen with vaccinia virus; myxoma virus induced the synthesis of three secreted polypeptides (tool. wt. 53K, 44K and 35K), whereas vaccinia virus induced the synthesis of eight polypeptides as distinguished by their mobility in SDS-polyacrylamide gels. Further work will be needed to establish whether the different polypeptides are related; it is possible, for example, that the 44K polypeptide may be a sulphated form of the predominant 35K polypeptide.
The serological results indicate that the antigens detected in culture medium were virus-coded. At least one of these antigens was also identified in extracts of infected cells, whereas co-migrating polypeptides were not apparent in these two fractions. Nevertheless, it seems reasonable to assume a relationship between the antigens and secreted polypeptides demonstrated in culture medium, thus favouring the hypothesis that the secreted polypeptides are virus-coded.
The lack of serological cross-reactivity between the secreted antigens of myxoma and vaccinia viruses militates against any relationship between these antigens and the common NP antigen of poxviruses (Woodroofe & Fenner, 1962) but is otherwise consistent with the limited serological cross-reactivity already demonstrated between the two viruses (Fenner & Ratcliffe, 1965; Alcock, 1981) .
The function of these polypeptides is not known. It is tempting to speculate that they play an important role in vivo as they are induced in large amounts after infection by poxviruses which are only distantly related and which have recently undergone strong selection pressure under completely different circumstances. Thus, the strains of myxoma virus studied here are the Glenfield strain, isolated from Australian rabbits a few months after the introduction of Brazilian myxoma virus there in 1950 and subsequently passaged in the same species in the laboratory, and the Uriarra strain, isolated 3 years later in the same country but differing from the earlier isolates in being much less virulent tbr the rabbit (Fenner & Ratcliffe, 1965) . The origins and subsequent passage history of vaccinia virus are very poorly documented (Baxby, 1981) but it seems probable that current strains have been selected to produce virus of high infectivity for human skin, but of low invasive potential. The significance of sulphation as a modification undergone by virus-induced secreted polypeptides is obscure, although its demonstration in herpesviruses (Erickson, 1976; Pennington & McCrae, 1977) and in different poxviruses indicates that it may be related specifically to the function of such polypeptides.
